In this paper we describe a novel approach that may shed light on the genomic DNA methylation of organisms with non-resolved genomes. The LUminometric Methylation Assay (LUMA) is permissive for genomic DNA methylation studies of any genome as it relies on the use of methyl-sensitive and -insensitive restriction enzymes followed by polymerase extension via Pyrosequencing technology. Here, LUMA was used to characterize genomic DNA methylation in the lower brain stem region from 47 polar bears subsistence hunted in central East Greenland between 1999 and 2001. In these samples, average genomic DNA methylation was 57.9% ± 6.69 (SD; range was 42.0 to 72.4%). When genomic DNA methylation was related to brain mercury (Hg) exposure levels, an inverse association was seen between these two variables for the entire study population (P for trend = 0.17). After dichotomizing animals by gender and controlling for age, a negative trend was seen amongst male animals (P for trend = 0.07) but no associations were found in female bears. Such sexually dimorphic responses have been found in other toxicological studies. Our results show that genomic DNA methylation can be quantitatively studied in a highly reproducible manner in tissue samples from a wild organism with a non-resolved genome. As such, LUMA holds great promise as a novel method to explore consequential questions across the ecological sciences that may require an epigenetic understanding.
Introduction
Mercury (Hg) is a pollutant of particular concern to the Arctic ecosystem and human health (Dietz et al. 1998) . Released mainly as a by-product of coal burning in southern latitudes, Mercury is atmospherically transported to the Arctic where it biomagnifies in food chains. Polar bears, as apex predators, accumulate mercury at concentrations known to harm other animals (Basu et al. 2009 ). Mercury is a potent neurotoxin that impacts the ability of animals to sense and respond to environmental change (Clarkson & Magos 2006) . For example, mercury-polluted fish (Hontela et al. 1992) and birds (Franceschini et al. 2009 ) have an impaired ability to cope with subsequent exposures to ecological stressors. Polar bears are considered to be one of the most sensitive species to climate change (Laidre et al. 2008) , and with levels of mercury increasing in many regions of the Arctic the potential exists for this heavy metal to impair the ability of polar bears to cope with and adapt to the added stress of climate change. Although it is difficult to experimentally resolve the precise mechanism(s) that may underlie mercury-induced impaired coping abilities in wildlife, these are likely influenced by a combination of intrinsic biological properties and several external environmental factors.
The interaction of environmental signals (i.e. chemical stressors such as mercury) and gene expression may be realized at the level of the epigenome. DNA methylation is the most widely studied of the known epigenetic marks and plays important roles in transcriptional regulation, X chromosome inactivation, embryonic development, imprinting, suppression of parasitic DNA sequences, and maintenance of genomic stability (Jaenisch & Bird 2003; Jirtle & Skinner 2007) . Aberrant DNA methylation patterning, such as gene-specific hypermethylation and genomic hypomethylation, is associated with numerous human diseases, including neurological disorders (Mill et al. 2008; Wang et al. 2008) and cancers (Esteller 2008) . DNA methylation occurs on the 5 carbon of cytosine and almost exclusively within CpG dinucleotides. The bulk of methylated CpG dinucleotides are located within simple repeat sequences, such as DNA satellites and transposons. Although the biological significance of changes in genomic methylcytosine content is less understood than gene-specific methylation, maintenance of homeostatic levels of genomic DNA is thought to play a critical role in genomic defence and structural integrity by silencing expression of transposable elements, thereby limiting chromosomal rearrangements and translocations (Wilson et al. 2007) . Accordingly the epigenome is emerging as an important entity involved in key mechanisms that underlie the health of individuals and ecosystems, though few have investigated epigenetics in the natural sciences.
Chemical pollutants are a relevant class of ecological stressor that can impact DNA methylation status. In vitro biomedical studies using rodent models have shown that several heavy metals impair DNA methyltransferase activity and disrupt DNA methylation status (Chen et al. 2006; Reichard et al. 2007; Jiang et al. 2008; Sun et al. 2009 ). Human epidemiological studies have documented that exposure to arsenic (Chen et al. 2004; Pilsner et al. 2007) , lead (Pilsner et al. 2009 ) and persistent organic pollutants (Rusiecki et al. 2008 ) may also be associated with alterations in genomic DNA methylation. As epigenetic signals can be inherited, there is potential for chemical pollutants to cause long-term, transgenerational effects. For example, in a series of studies on the fungicide vinclozolin, exposure of F0 generation rats resulted in a series of disease states (e.g. increased tumour development, kidney disease, spermatogenic outcomes) in F1-F4 generation offspring that were associated with alterations in DNA methylation of the male germ line (Anway et al. 2005; Chang et al. 2006) . Accordingly chemically-induced changes in DNA methylation may have long-term consequences to population health.
Though an epigenetic understanding may resolve consequential questions across the ecological sciences, epigenetic studies of natural wildlife populations has been challenging due to the lack of sensitive and quantitative assays to study genomes that are largely undefined. In this paper we describe a novel approach that may shed light on the genomic DNA methylation of organisms with non-resolved genomes. The LUminometric Methylation Assay (LUMA) is permissive for genomic DNA methylation studies of any genome as it relies on the use of methyl-sensitive and -insensitive restriction enzymes followed by polymerase extension via Pyrosequencing technology (Karimi et al. 2006b ). Here we used LUMA to characterize genomic DNA methylation in the polar bear lower brain stem region. We then related brain DNA methylation status with exposure of these bears to mercury under the hypothesis that DNA methylation status will vary across these animals in a concentration dependent manner.
Materials and methods

Animals and tissues
In collaboration with local subsistence Inuit hunters, medulla oblongata (lower portion of the brain stem) tissue was obtained from polar bears in the Ittoqqortoormiit ⁄ Scoresby Sound area in central East Greenland between 1999 and 2001 as described earlier (Basu et al. 2009 ). All tissues were collected within 12 h postmortem and stored frozen until DNA extraction. Concentrations of mercury were measured at an accredited laboratory for metals analyses (National Wildlife Research Centre, Environment Canada) using a direct mercury analyzer (AMA-254, Altec, Czech Republic) as previously described (Basu et al. 2009 ). In an earlier study no striking relationships were found between mercury levels and concentrations of several persistent organic pollutants in the polar bear brain (Basu et al. 2009 ). Age was determined by counting the dental cementum growth layers (Dietz et al. 1991) .
DNA processing
Though 82 polar bears were initially collected for our larger study, this paper is focused on samples from 47 polar bears which yielded DNA of high quantity and quality. Genomic DNA was isolated and stored ()20°C) using QIAamp DNA Mini Kit as per manufacturer's protocols. The purified DNA (A260 ⁄ A280 ratio of 1.7-2.0) was predominately 20-30 kb in size, with a range upwards of 50 kb. Since the LUMA assay relies on the recognition and subsequent cleavage of doublestranded DNA, we also used Quant-iT Picogreen Assay Kit (Invitrogen) which quantifies double-stranded DNA. The R 2 for DNA concentrations between spectrophotometry and Picogreen was 0.75. The Picogreen assay was employed as suggested by the manufacture's protocol.
LUMA assay
The LUminometric Methylation Assay (LUMA) has been used for studying genomic DNA methylation in humans, and here we adapt and optimize the method for studying DNA methylation in tissues from organisms with non-resolved genomes. The LUMA method has been described in-depth by Ekstrom and colleagues (Karimi et al. 2006a,b) . Briefly, LUMA is based on recognition and cleavage of 5¢-CCGG-3¢ sequences by the methylation sensitive restriction enzyme (HpaII) and its methylation insensitive isoschizomer (MspI) in parallel reactions (Karimi et al. 2006b ). Additionally, EcoRI is included in all reactions to normalize the amount of DNA input. HpaII and MspI both produce 5¢-CG overhangs after restriction cleavage, whereas EcoRI produces 5¢-AATT overhangs. The extent of restriction cleavage is then measured by bioluminometic polymerase extension via Pyrosequencing (Qiagen). The method is quantitative, highly reproducible and uses an internal control for DNA input. For each sample, genomic DNA (300 ng) was digested with HpaII + EcoRI and MspI + EcoRI in parallel reactions containing 2 lL of Tango buffer (Fermentas), 5U of HpaII or MspI, 5 U of EcoRI and dH 2 O to a final volume of 20 lL. Samples were incubated at 37°C for 4 h. After the incubation, 15 lL of Pyrosequencing annealing buffer (Qiagen) was added to samples. After mixing, 30 lL of the sample reaction containing the annealing buffer was transferred to 96 well Pyrosequencing plates. The original LUMA assay has been modified by changing nucleotide-dispensing order with a series of dTTPs and dGTPs before measurement to eliminate any background caused by any non-digestion 5¢ overhangs that could occur during DNA purification (Bjornsson et al. 2008) . The following nucleotide dispensation order was used: GTGTCACATGTGTG; where the first two dGTPs and dTTPs are used to eliminate background, the first two dCTPs and dATPs to fill the first nucleotides produced by HpaII ⁄ MspI and EcoRI, respectively, and finally, dTTPs and dGTPs to finish the polymerase extensions of EcoRI and HpaII ⁄ MspI, respectively.
Peak heights of nucleotide incorporation from the resulting pyrograms were used to calculate % genomic DNA methylation using the formula:
, where G and T are the peak heights for HpaII or MspI (methylation) and EcoRI (input DNA), respectively. Samples that were not of high molecular weight (degraded DNA), as determined by gel electrophoresis, were excluded. Additionally, samples of low DNA concentration which did not have a HpaII(G) peak heights >10 units from the LUMA assay were found to be unreproducible and were excluded from this study. All samples were run in duplicate. The intra-and interday coefficient of variation of remaining samples was 0.55% and 3.01%, respectively.
Statistics
Data were analyzed using SAS 9.1 (SAS Institute Inc. 2002 . Samples (N = 35) with a 'G-peak' from the HpaII ⁄ EcoRI reaction <10 relative units obtained from LUMA pyrograms were excluded due to the lack of % DNA methylation reproducibility Brain mercury and DNA methylation were checked for normality and were found to be normally distributed. The relationship between brain mercury and percentage DNA methylation was analyzed with linear regression. Mercury quartiles were established using the median and the 25% and 75% interquartile mercury cutoffs and were then used to determine the trends between quartiles of mercury measures and percent DNA methylation, as a continuous variable. Age was used as a co-variate in some models, as indicated, for gender-specific effects of mercury and DNA methylation, models were dichotomized by gender.
Results
An example of two resulting LUMA pyrograms using genomic DNA from polar bear brain stem tissue is shown in Fig. 1 . For each sample, two reactions (HpaII + EcoRI and MspI + EcoRI) are run in parallel to determine genomic DNA methylation, where the 3 rd dGTP dispensation (10 th total nucleotide dispensation) is used to measure the percent of DNA methylation between HpaII and MspI digestions. Since MspI is a methylinsensitive restriction enzyme, the dGTP peak in Fig. 1b is used to estimate the total number of CCGG sites within the polar bear genome. Conversely, while HpaII is a methyl-sensitive restriction enzyme, the dGTP peak observed in Fig. 1a corresponds to the extent of unmethylated CCGG sequences. Thus, HpaII ⁄ MspI ratio can be used to estimate the percent CpG DNA methylation within the context of CCGG sequences. Furthermore, the addition of EcoRI in each reaction is used to measure the amount of input DNA (3 rd dTTP and 9 th total nucleotide dispensation) and thus allows the normalization of
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DNA concentrations across reactions. Finally, we also employed a series of dGTP and dTTP dispensations in the beginning of the Pyrosequencing reaction to eliminate any background polymerase extension caused by non-digested 5¢overhangs To demonstrate linearity of LUMA, mixing experiments were first conducted using methylated (Sss1 treated) and unmethylated lambda DNA; the assay was linear at the range of 0% to 100% methylation (R 2 = 0.981). Table 1 provides the characteristics of the 47 polar bears in which high quality DNA was obtained. Brain mercury concentrations averaged 0.37 ± 0.16 ppm (dry weight) and ranged from 0.11 to 0.73 ppm. The average age, as estimated by counting cementum growth layers was 6.5 years and ranged from 2 to 22 years with 70.2% of animals considered sub adults (2-6 years of age) and 29.8% defined as adults (>6 years of age). The average genomic DNA methylation, as measured by LUMA, was 57.85% ± 6.62 (SD) and ranged from 42.0 to 72.4%.
When genomic DNA methylation was related to mercury exposure, an inverse association was seen between brain mercury levels and genomic DNA methylation for the entire study population in unadjusted models (P for trend = 0.17; Fig. 2 ). After dichotomizing animals by gender and controlling for age, a clearer trend was seen between quartiles of mercury exposure and mean levels of genomic DNA methylation amongst male animals (N = 26; P for trend = 0.07; Fig. 3 ). The mean group difference between the lowest and highest quartile was 6.4% when controlling for age (P = 0.11). For female animals, there was no concentration-dependent relationship (N = 21; P for trend = 0.47; Fig. 3) , and there was no association found between age, either as a continuous or categorical variable, and genomic DNA methylation (data not shown).
Discussion
The outcome of our study shows that LUMA holds great promise as a novel method to study DNA methylation in organisms with a non-resolved genome. This is achieved in a manner that is highly quantitative and reproducible. Using LUMA, here we showed an inverse association between mercury exposure and DNA methylation in the lower brain stem of male polar bears. That mercury-associated DNA hypomethylation was restricted to male bears is not surprising as laboratory studies have previously reported sexually dimorphic effects (Anway et al. 2005; Chang et al. 2006) . While studies on phenotypic change and transgenerational impacts were not feasible aims in the present ecological study, aberrant changes to DNA hypomethylation have been linked to long-term changes in chromosomal stability, disease progression, and reproductive function (Dolinoy et al. 2006; Jirtle & Skinner 2007) . This is of particular concern to the polar bear which last year was listed as 'threatened' under the U.S. Endangered Species Act (USFWS 2008) .
Epigenetic approaches are gaining popularity in the ecological sciences. In a study of 42 vertebrates, Jabbari et al. (1997) characterized 5-methylcytosine content and GC levels using high performance liquid chromatography (HPLC). In a series of studies by Vandegehuchte et al. (2009a,b) concerned with multigenerational metals exposures in Daphnia magna, the overall content of genomic 5-methyl-2¢-deoxycytidine (5mdC) was assayed using mass spectroscopy. The LUMA assay we describe here moves beyond these aforementioned approaches as it yields quantitative results that are highly reproducible in a high throughput and rapid manner. After the initial 4 h of restriction digestion of DNA, 96 reactions (48 samples; one well for HpaII + EcoRI and one well for MspI + EcoRI) can be analyzed simultaneously using Pyrosequencing technology in less than 20 min. Finally, the modified LUMA assay eliminates any non-specific restriction extension as a result of DNA degradation by employing a series of dGTP and dTTP dispensations in the beginning of the Pyrosequencing reaction (Bjornsson et al. 2008) . However, it must be noted that a limitation to the LUMA assay is the inability to measure total cytosine methylation within the genome, as is achieved by HPLC or mass spectroscopy since restriction digestion is limited to CpG methylation within CCGG sequences. Despite this limitation, the LUMA assay has been able to detect intra-individual changes in DNA methylation overtime (Bjornsson et al. 2008 ) and methylation differences in cell lines with DNA methyltransferase knockouts (Karimi et al. 2006b ). Here we show that LUMA can be adapted for the study of organisms with non-resolved genomes rendering it a method with potentially broad applications to the natural sciences. In a study on several organisms, the percent of cytosines that were methylated was twice that in fish and amphibians as compared to birds, reptiles, and mammals (9% vs. 4.5%, respectively) even though the average GC content (42.5%) was similar across species (Jabbari et al. 1997 ). This finding is in agreement with other estimates of the percent of cytosines that are methylated in mammals (3-6%), whereby 70% of cytosines within CpG dinucleotides are methylated (Robertson & Wolffe 2000; Esteller 2007 ). In our study, the average methylation of brain stem DNA (i.e. CpG sites) among polar bears was 57.9%, ranging from 42.0% to 72.4%, and this was lower than expected for mammals (estimated human LUMA's values of 72-75%; unpublished data, J.R. Pilsner, University of Michigan, Ann Arbor). Moreover, the range of DNA methylation levels was also wider than anticipated. However, the varying degree of DNA methylation across samples is comparable to changes in LINE-1 methylation reported in tumours as compared to normal tissue (Choi et al. 2007) . Interestingly, mapping of HpaII sites within the human genome revealed a 15-fold enrichment of 5¢-CCGG-3¢ sites in CpG islands, potentially critical regulatory domains (Bjornsson et al. 2008) . Thus, if such an enrichment of HpaII sites also exist in polar bears, mercury-associated DNA hypomethylation could have significant implications for gene regulation.
Increasing numbers of wildlife researchers are using DNA obtained from tissues of wild caught animals to study, for example, systematics, taxonomy, gender identification, and pathogen detection. Though, studying DNA (and its methylation) from biological samples obtained from natural populations poses some challenges as tissues are rarely preserved optimally for molecular analysis of nucleic acids (i.e. sterile collection and immediate freezing). Here we found that DNA quality and quantity were adequate from 47 of 82 polar bears. It should be mentioned that our bear samples were frozen within 1-12 h of capture and that they were initially preserved and stored at )20°C, and later at )40°C and )80°C. Human-based studies have shown that DNA is relatively stable postmortem, and that good quality DNA can be obtained from brain samples following postmortem delays of 72 h or more (Hynd et al. 2003) . Ecological researchers have also verified the stability of DNA collected from wild populations (Smith & Burgoyne 2004) . A recent study found that DNA methylation was not impacted by postmortem changes in brain pH (Ernst et al. 2008 ) though more work is needed to assess the stability of methylated DNA especially under ecological conditions relevant to wildlife scientists. In respect to LUMA, DNA quality is an important aspect of assay reliability and reproducibility. Not surprising, we found that only nondegraded DNA samples of high molecular weight, as determined by DNA electrophoresis, produced quality pyrograms. We also found that the use of fluorescent stain specific for quantifying double-stranded DNA, such as Picogreen, more accurately reflected DNA concentrations compatible with LUMA (e.g. doublestranded DNA) as compared to spectrophotometry, especially in samples with 260 ⁄ 280 ratios less than 1.8 (data not shown).
The levels of mercury we found in the polar bear brain stem were lower than brain levels reported in other piscivorous wildlife that bioaccumulate mercury (Basu et al. 2009 ) so future studies should investigate whether mercury-associated DNA hypomethylation is consistent across taxa. Though, examination of liver tissues from the same polar bears studied here (Sonne et al. 2007 ) and results from others (Dietz et al. 2000; Rush et al. 2008) reveal that the polar bear may naturally accumulate some of the highest mercury levels across any species. While we did not characterize DNA methylation in the liver, others have found methylation patterns to be consistent across different tissue types for a given species (Dolinoy et al. 2006; Eckhardt et al. 2006) , and we speculate that our results in the brain may likely be similar in non-neural tissues. However, further investigation of the correlates between tissuetype must be pursued before any definitive answers are made.
Our data suggest sexual dimorphism in DNA methylation may also exist in response to mercury exposure, such that, mercury-associated DNA hypomethylation was observed only in males. The prevalence of a large amount of human diseases, such as atherosclerosis and autoimmune diseases (Ballestar et al. 2006; Gabory et al. 2009 ), displays sexual biases. There are many examples, from both wildlife (Orlando & Guillette 2007) and human (Gochfeld 2007) studies, that toxic chemicals illicit sexually dimorphic effects. The epigenome can not only be influenced by environmental factors such as social behaviour, nutrition and chemical exposure, but also can be influenced by sex chromosomes and sex steroid hormones. Together, the complex interaction(s) between environmental challenges, sex chromosomes and sex steroid hormones is likely to cause gender-specific sensitivity to certain environmental challenges. In this context, it is plausible that epigenetic regulation among male polar bears is more susceptible to mercury exposure as compared to females.
In conclusion, our results show that the genomic DNA methylation can be quantitatively studied in a highly reproducible manner in tissue samples from a wild organism with a non-resolved genome. As such, LUMA holds great promise as a novel method to explore questions across the ecological sciences that may require an epigenetic understanding. Using LUMA we show mercury-associated DNA hypomethylation in the polar bear brain though further studies are required to validate this finding (e.g. other bear tissue types, additional wildlife species, laboratory evidence) and address its significance to ecology and physiology.
